INTRODUCTION
The development of several NDE techniques today is focused on detecting and quantitatively assessing flaws such as disbonds, corrosion, and cracks for ensuring structural integrity of aging commercial aircraft. The ultrasonic contact scanning technique is one such technique that is currently under development due to its portability, ease of use, and ability to detect small flaws. Other NDE techniques that are also being used and developed are thermography, magneto-optics, shearography, electromagnetics, and radiography. This paper focuses on the ultrasonic contact scanning technique and presents a systematic study of the influence of thickness nonuniformity of the adhesive layer in lap joints and doubler joints, on the signals acquired using the technique.
A typical commercial aircraft lap joint, as illustrated in Fig. 1 , consists of two layers of aluminum bonded together using a thin layer of adhesive and held together with three rows of rivets along the length of the joint. The contact transducer used in scanning has a finite area of contact with the outer surface of the multilayered structure under test, through a very thin layer of coupling medium that is usually water. Since the test area is finite, there may be variations in the thickness of the adhesive layer within the test region, particularly at the edge of the lap joint as shown in Fig. 1 . Signals acquired from such regions represent an "average" of the response from different bond thicknesses, with variations in the path length resulting in phase cancellation within the transducer. Such signals, if not carefully processed, may lead to undesirable false calls.
While the effects of nonparallelism and wedging are well known [1] , this study concentrates on the effects, specifically on contact scanning signals of aircraft lap joints. A systematic study of the influence of a linear variation of thickness (wedge) of the epoxy layer is presented in this paper. A pseudo 3-D model of sound propagation in multilayered structure is used to simulate contact scanning signals, which are subsequently compared with those acquired experimentally using fabricated lap joint samples. Two different frequencies are used -20 MHz and 3.5 MHz. The latter frequency is close to the resonant frequency of a 1 mm layer of aluminum, which is the typical outer layer thickness of many commercial aircraft.
CONTACT SCANNING SETUP
A schematic of the portable setup for ultrasonic contact scanning is presented in Fig.  2 . A function generator excites the contact transducer by a single electrical pulse which in turn transmits a pulse of ultrasound to the multilayered test structure through a thin layer of water which acts as a coupling medium. This pulse is partly reflected and partly transmitted at each constitutive interface of the multilayered structure. The reflected pulses travel back to the same transducer, which are subsequently averaged, amplified, and displayed on a digital oscilloscope. The displayed signals are digitized and stored in a microcomputer for further analysis.
Two transducers with different central frequencies are used for contact scanning of samples in this study. The first is a 20 MHz broadband transducer with a 6.35 mm piezoelectric element which is permanently bonded to a silica delay line. The second is a 3.5 MHz broadband transducer, which is used in conjunction with a perspex buffer rod. Signals are sampled at 100 MHz, with 100 averages per signal to increase the signal to noise ratio. locations, it will be shown in the rest of the paper that such correlation can occur between signals obtained from well-bonded wedge regions of epoxy and disbonded locations.
PSEUDO 3-D MODEL OF SOUND PROPAGATION
A I-D model of sound propagation in multilayered structures was successfully used in [2] to simulate 20 MHz contact scanning signals from aircraft lap joints in the presence of uniform thicknesses of various constitutive layers. Good agreement was found between experimental and simulation signals. In this study, the 2-D interface geometry between the transducer and test structure is discretized into N elements, and for each of the N elements, the I-D model is used to simulate the signal from the corresponding discretized location. The signals are subsequently weighted by the acoustic beam profile of the transducer and averaged to yield the resulting "average" signal from the wedge location. A brief description of the 1-D model and the averaging operations follows.
The acoustic response of a multilayered structure is computed from the reflection coefficient at the outer surface of the structure which depends on the acoustic impedances of the materials of the transducer, coupling medium, and structure. The reflection coefficient is given by
where Zl is the characteristic impedance of the material of the transducer (buffer rod), and Zz is the effective line impedance of the coupling medium and the laminated structure. The characteristic impedance of a lossless material is given by Zo = Povo and that for an attenuating material is given by
where Po, vo, and a are the density, sound velocity, and attenuation coefficient of the material respectively. To obtain R(f), Zz is computed using a well-known result from transmission line theory [3] . The result states that the input impedance Zm of an acoustical line terminated at I with an impedance Zj is given by the following. 
where I is the length of the acoustic line, w/v is the real part of the wave number, ex. is the imaginary part of the wave number, Zo is the characteristic impedance of the acoustic line, and 9 = ex. + iw/v. Equation (4) is repeatedly used starting with the last layer of the multilayered structure, and finally R(f) is computed using equation (1) . The output signal is obtained by convolving the input signal and the reflection coefficient in the frequency domain through the use of an FFT, and performing an inverse Fourier transform of the convolution result.
The pseudo 3-D model is the result of discretizing the transducer-structure interface into several elements and applying the above described I-D model to each discretized location of the interface. Due to the presence of a relatively "long" buffer rod (in comparison to the wavelength), the acoustic beam profile at the outer end of a buffer rod is approximated by a Gaussian, and is consistent with theory [4] . The subregion of the transducer-structure interface corresponding to the piezoelectric element (In general, the buffer rod diameter is larger than the element diameter to minimize effects due to beam divergence) is discretized into N elements as shown in Fig. 4 . The beam divergence half-angle is small and is neglected in this study to obtain an approximate "average" signal. Epoxy linearly varies in the x direction, but stays constant in thickness at any given value of the x coordinate as seen in Fig. 4 . The average response of the contact transducer is given by
where S is the transducer area and dO" is an element of area. Through the above mentioned discretization into N elements, the above integral can be approximated by
At the i th element, Uj is computed from Ui = hi di, where hi is the normalized height (fraction of the peak height) of the beam profile at the i th element, and dj is the transducer response for unit input signal amplitude and corresponding epoxy thickness tj shown in where gj is the transducer signal corresponding to an average displacement dj. The hj2 term enters since the same transducer is acting as both the transmitter and receiver. All the simulation signals presented in this paper use 11 elements along the centerline of the intersection area, leading to a total of 81 elements.
RESULTS
Five fabricated samples Sl, S2, S3, S4, and S5 were used in this study. The geometry of the samples is presented in Fig. 5 . Except for S3, all samples were 101.6 mm X 50.8 mm (4" X 2"); sample S3 was longer (203.2 mm) as shown, to achieve the small wedge angle of 0.3°. The thickness of the epoxy layer was carefully controlled using cylindrical copper rods of required diameters. The maximum epoxy thickness values in samples S4 and S5 were 1.2 mm and 2.4 mm, which were used to achieve wedge angles of 1.35° and 2.7°. Data was acquired from locations corresponding to a mean epoxy thickness value of 0.54 mm to compare them with the signal acquired for sample S2.
Simulation and experimental signals for samples S 1 and S2 using 20 MHz are presented in Fig. 6 . As can be seen in the figure, there is excellent agreement between simulation and experiment. The signal from the single layer of aluminum sample is characterized by a sequence of echoes from the aluminum-air interface that exponentially decay in time. The signal from sample S2 has additional echoes from the epoxy-aluminum interface that clearly help in distinguishing signals from bonded and disbonded locations. Simulation and experimental signals using 20 MHz are shown in Fig. 7 for wedge samples S3, S4, and S5. Once again, there is very good agreement between experimental and simulation signals.
The key feature to note in these signals is the gradual decay of peak amplitudes of echoes from the epoxy-aluminum interface. The echo from the epoxy-aluminum interface has virtually disappeared for sample S5 as a result of phase cancellation and signal averaging, resulting in a signal that is characterized by a sequence of echoes from the aluminumepoxy interface that decays in time. Such signals cause potential problems during signal classification for disbond detection. If not carefully processed, a false call will result due to misclassification of such signals as corresponding to disbonded locations. Signals are also presented for a smaller mean epoxy thickness of 0.18 mm in Fig. 8 . The higher decay rate in such signals cannot be reliably used to distinguish them from those corresponding to disbonded locations. This is because the decay rate from a single layer of aluminum spans a wide range as can be seen in Fig. 9a which presents a plot of normalized amplitude of echoes from aluminum-epoxy interface vs. echo number. This range of decay rate is due to various parameters such as imperfect contact, surface scratches and niches, etc. The curve corresponding to location 1 of sample S 1 is seen to lie fairly close to the simulation signal for sample SS. Comparisons of the magnitude and phase of the frequency spectra for the signals have been inconclusive to date.
A plot of the normalized peak amplitudes of gated echoes from the epoxy-aluminum interface vs. epoxy wedge angle is shown in Fig. 9b . The plot shows results obtained using simulation, where the peak amplitudes of the echoes indicated in Fig. 6 are measured in corresponding gated regions of the signal and normalized by the peak amplitude of the first echo. Also shown on the plot are wedge angles corresponding to samples S3, S4, and SS. The wedge angle in sample S4 was chosen based on simulation results in the region of a normalized amplitude of O.S. The normalized amplitude does not fall to zero with an increase in wedge angle, but asymptotically approaches a non-zero value which corresponds to the amplitude of a hump from the corresponding previous aluminum-epoxy interface echo. From this plot, a "limit wedge angle" could be defined based on a threshold value of normalized amplitude.
Experimental signals were acquired for the same samples using 3.5 MHz, which is close to the thickness-resonant frequency of the 1 mm top layer of Aluminum. A parallel study on the influence of transducer frequency on contrast between signals from bonded containing variations in thickness of the epoxy layer. Experimental signals acquired on fabricated samples agreed reasonably well with simulation results. The agreement was excellent for high frequency 20 MHz signals and fair for 3.5 MHz signals. In high frequency scanning, echoes from the epoxy-aluminum interface of lap joints rapidly decrease in amplitude with an increase in wedge angle. Ultrasonic signals from bonded locations begin to resemble those from disbonded locations for small but sufficiently high wedge angles. In a previous study, it was found that signal classification techniques that rely on peak-amplitude detection do not yield high classification accuracies during high frequency manual contact scanning of aircraft. Even in the presence of ideal conditions for parameters other than the epoxy layer thickness, gating echoes from the epoxy-aluminum interface should be definitely avoided. Techniques that rely on the entire waveform, such as a neural network should be carefully programmed. Lower frequencies, especially near-resonant frequencies of the outer layer of aluminum, have given better results and are also less affected by nonparallelism of the adherends.
